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Suspending, Guiding and Propelling Vehicles Using Magnetic Forces 

Background of the Invention 

5 This application claims the benefit of priority of United States Provisional Application 

Serial No. 60/415,013, filed 10/1/02, entitled "Suspending, Guiding and Propelling Vehicles 
Using Magnetic Forces." This application is a continuation-in-part of United Sates Applica- 
tion Serial No. 10/262,541, filed 10/1/02, entitled Synchronous Machine Design and Manufac- 
turing. The teachings of the foregoing applications are incorporated herein by reference. 

10 

This invention pertains to magnetic levitation ("maglev") transportation systems and 
methods, and more particularly, those for suspending, guiding and propelling vehicles using 
magnetic forces. 

1 5 The use of magnetic forces to suspend, guide and propel vehicles has been extensively 

researched and several full size demonstration prototypes have been built In spite of proven 
advantages, such as fast, comfortable, quiet and efficient operation, maglev has been perceived 
as expensive and primarily suited for very high speed operation. Applications for urban use 
have been limited by the ability of proposed designs to compete effectively with conventional 

20 guided systems such as rapid transit, light rail, monorail, commuter rail and express busways. 

Virtually all maglev designs that have been seriously considered for transportation 
applications can be characterized as either ElectroDynamic Suspension (EDS) or ElectroMag- 
netic Suspension (EMS). EDS designs use forces created by interaction of induced currents 
25 with the changing magnetic field that produced the currents while EMS designs use attractive 
force of a magnet to a ferromagnetic structure. Both EDS and EMS designs have been built and 
tested to the point where they are known to be viable to speeds of more than 1 50 m/s (336 mph, 
540 km/h). 

30 Each design has certain advantages and disadvantages. EDS has the virtue that it can 

operate with a larger magnetic gap than EMS but has the fundamental disadvantage that it cre- 
ates high drag at low speeds and provides no suspension force when stopped. On the other 
hand, EMS has the advantage that it can operate very well at low speeds but has the disadvan- 
tage that the magnetic gap must be less than gaps that are practical with EDS designs. 

35 

The Japanese high speed test track has shown that an EDS system with a gap of 100 mm 
can achieve speeds of at least 150 m/s (353 mph) and the German Transrapid EMS test track 
has demonstrated reliable operation with a gap of 10 mm at speeds of 125 m/s (280 mph). For 
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urban applications it appears that EMS has a major advantage and if the magnetic gap can be 
increased it would appear to have an even greater advantage for both low and high speed 
designs. 

5 There is considerable prior art disclosed in existing patents and is instructive to review 

them in order to appreciate how the invention disclosed here is different from and an improve- 
ment on the prior art. 

Patent 3,638,093 (Magnetic suspension and propulsion system; James Ross; Issued Jan. 
10 25,1 972) is an early example of a design that combines suspension and propulsion. This patent 
also references several of the important older patents dating to 1 889. The design requires that 
power be transferred to the vehicle in order to propel it and the suspension requires substantial 
power because it does not use permanent magnets. 

15 Patent 3,842,751 (Transportation system employing an electromagnetically suspended, 

guided and propelled vehicle; Inventors: Richard Thornton, Henry Kolm; Issued: Oct. 22, 
1974) shows how to use a single set of superconducting or permanent magnets to suspend, 
guide and propel a vehicle but is based on EDS technology so there is no necessity of control- 
ling an otherwise unstable suspension. This design requires the use of wheels for low speed 

20 operation and because of the high low speed drag is not well suited to low speed operation. 

Patent 3,860,300 (Virtually zero powered magnetic suspension; Inventor: Joseph 
Lyman; Issued Jan. 14, 1975) shows how to use permanent magnets in a suspension system but 
the design is for a magnetic bearing and requires entirely separate structures for the permanent 
25 magnets and the electromagnets. It does not address the issue of guidance or propulsion. 

Patent 3,937,148 (Virtually zeros power linear magnetic bearing; Inventor: Paul A. 
Simpson; Issued: Feb. 10, 1976) shows how the patent 3,860,300 can be used for transportation 
applications but requires separate electromagnets and does not address the issues of guidance 
30 and propulsion. 

Patent 4,088,379 (Variable permanent magnet suspension system; Inventor: Lloyd 
Perper; Issued: May 9, 1978) builds on the ideas in patent 3,860,300 but it is not directly appli- 
cable to maglev using EMS. 

35 

Patent 5,722,326 (Magnetic Levitation system for moving objects; Inventor: Richard 
Post; Issued Mar. 3, 1998) is a variation on patent 3,842,751 that uses Halbach arrays of per- 
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manent magents. It is specific to EDS and does not teach how to use permanent magnets in an 
EMS design. 

Patent 6,860,300 (Virtually zero powered magnetic suspension; Inventor: Joseph 
5 Lyman; Issued Jan. 14, 1 975) teaches how permanent magents can be used to provide magnetic 
suspension but the design disclosed requires separate electromagnets and is not readily appli- 
cable to a transportation application. 

Patent 3,937,148 (Virtually zeros power linear magnetic bearing; Inventor: Paul A. 
1 0 Simpson; Issued: Feb. 1 0, 1 976) shows how the preceding patent can be used for transportation 
applications but requires separate electromagnets and does not address the guidance and pro- 
pulsion. 

The patents described above indicate the importance of the objectives of the patent dis- 
1 5 closed here, but they leave out important ingredients. 

In view of the foregoing, an object of this invention is to provide improved methods 
and apparatus for magnetic levitation ("maglev"), and more particularly, for suspending, guid- 
ing and/or propelling vehicles using magnetic forces. 

20 

Yet another object is to provide such methods and apparatus as result in reduced vehicle 
weight so that guideway, suspension and propulsion costs can be reduced. 

Still another object is to provide such methods and apparatus as can operate, inter alia, 
25 with short headway and high speed so as to reduce both waiting time and travel time. 

A related object is to provide such methods and apparatus as are economical to build. 

30 



35 
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Summary of the Invention 

The foregoing are among the objects attained by the invention which provides, in some 
aspects, magnetic levitation apparatus that employ a single magnetic structure — or, where 
5 desired, multiple structures — to provide vertical suspension forces, lateral guidance forces, and 
a longitudinal propulsive force. In one aspect of the invention, the magnetic structure(s) 
include(s) a magnet that provides suspension. According to one preferred practice of the 
invention, this can be a permanent magnet. Coils, wrapped about the magnet (or otherwise 
disposed adjacent thereto), control that suspension, e.g., so that it is stable in all desired direc- 
10 tions. 

According to related aspects of the invention, the aforementioned coils are excited by 
currents that control the magnetic gap — for example, so that the weight of the vehicle is equal 
to the attractive force of the magnets. Those control currents can be generated, e.g., by a feed- 
15 back control system, to provide active damping of heave, pitch, yaw, roll and/or sway. 

In still further aspects, magnetic levitation apparatus as described above applies the 
control currents so as to create forces countering any perturbation that would cause the magnet 
gap to vary from this desired value. 

20 

Yet other aspects of the invention provide magnetic levitation apparatus as described 
above in which the magnets are staggered. This permits use of the same control coils to pro- 
vide active control of lateral motion. 

25 Still further aspects of the invention provide magnetic levitation apparatus as described 

above arranged with gaps up to twice as large (or larger) than practical with prior art systems. 

Still yet further aspects of the invention provide magnetic levitation apparatus as 
described above in which superconducting magnets are used instead of (or in addition to) the 
30 aforementioned permanent magnets. In related aspects of the invention, those superconducting 
magnets can operate in the persistent mode with no need for control of the superconducting 
current. 

Yet still further aspects of the invention provide vehicles that utilize magnetic levitation 
35 apparatus as described above. These can be, for example, people-movers, baggage carriers or 
other moving devices that operate with short headway. 
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Systems and methods according to the invention are advantageous in many regards. 
Among these, is that they offer high acceleration so that high operating speed is possbile even 
when there are frequent stops and a need for negotiating tight turns at lower speeds. 

5 Other aspects of the invention provide methods for operating people-movers, baggage 

carriers and other magnetic levitation apparatus paralleling the functions described above. 
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Brief Description of Drawings 

Fig. 1 depicts a cross section of a maglev guideway and suspension system according 
to the invention in which each side of the vehicle has magnet modules that provide combined 
5 suspension, guidance and propulsion; 

Fig. 2a depicts a side view of portions of the magnet modules and structure for a mid- 
section of the system of Fig. 1; 

10 Fig. 2b depicts an end section of the system of Fig. 1 that equalizes the magnetic flux 

and mitigates cogging; 

Fig. 3 depicts suspension, guidance and propulsion forces for a 1 -wavelength section of 
the magnet pods shown in Fig. 2a and 2b for the case of an 80 mm wide rail; 

Fig. 4 is a three dimensional drawing of (a) a short stator section according to the inven- 
tion showing stator lamination with propulsion winding, and (b) a vehicle magnet pod with 
controllable magnets in the middle and with special end magnets that equalize the flux and 
minimize cogging and pitching forces. 

Fig. 5 is a block diagram of a suspension control system according to the invention; 

Fig. 6 is a block diagram of a linear synchronous motor (LSM) control system accord- 
ing to the invention; 
25 

Fig. 7 depicts a vehicle according to the invention with four pods that pivot in two 
dimensions in order to allow negotiating horizontal and vertical turns; 

Fig. 8 shows how the magnet pods, such as those illustrated in Fig. 7, can be attached 
30 to a vehicle according to the invention. The figure also shows optional mechanical mecha- 
nisms according to the invention that damp oscillations of the pods with respect to the vehi- 
cle. 

Fig. 9 shows how in a system according to the invention magnets can be offset relative 
35 to the suspension rail in order to allow the suspension control system to damp lateral oscilla- 
tions. 
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Fig. 1 0 depicts a system according to the invention in which the permanent magnets are 
replaced by superconducting magnets. 
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Detailed Description of the Illustrated Embodiment 

Systems according to the invention can use one magnetic structure to provide suspen- 
sion, propulsion and guidance. In one embodiment, the suspension can lift about ten times the 
5 weight of the magnet structure and the integrated propulsion system can operate with an aver- 
age efficiency of 90% or more. A transportation system using this suspension, propulsion and 
guidance can have lighter vehicles, consume less energy and still have the advantage of known 
maglev designs, e.g., reduced noise, higher top speed, higher acceleration and lack of mainte- 
nance associated with wheel-based systems. 

10 

Choice of Dimensions 

Figure 1 shows a cross-section of the baseline suspension design in a system according 
to the invention. The vehicle is supported by a string of magnets on each side and these mag- 
15 nets create attractive forces to the laminated steel rails on the guideway. The dimensions 
shown in Fig. 1 were chosen with several factors in mind, e g., 

• The vehicle width should be adaptable at least over the range 2.0 to 3.2 meters (6.6 
to 10.5 feet) in order to accommodate various applications. This range includes the 
20 width of vans, buses and trains with the larger widths best for higher speeds and 

higher capacities and narrower widths best for lower speeds and lower capacities. 

Maglev vehicle weight is expected by the marketplace to be about 0.9 tonne (0.9 Mg 
or 2,000 lbs.) per meter of length, depending on load. In the illustrated embodiment, 
25 assuming the magnet pods extend most of the length of the vehicle, each pod must 

support about 0.5 tonnes per meter. Again, in the illustrated embodiment, this is 
achieved using readily available permanent magnets with a magnetic gap of about 
20 mm and steel rails that are about 80 mm wide (though magnets of other types, 
gaps and rails of other sizes, and rails of other materials can be used). 

30 

The same magnets that provide lift should preferably also provide guidance. The 
lateral guidance force requirement can be as large as 0.4 g, for instance, under worst- 
case conditions of turning and high wind. The inventors have realized this can be 
achieved if the steel rails on the guideway are about 4 times as wide as the nominal 
35 magnetic gap. This is consistent with a 20 mm magnetic gap and 80 mm wide rails, 

for example, discussed above. 
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The center-to-center spacing of the steel rails is chosen to be 1700 mm in the 
illustration, somewhat greater than for a conventional railroad for which the spacing 
is 1435 mm between the inside edges of the rails. 

5 The dimensions of other embodiments may differ, as appropriate to their applications. 

For example, for a low speed Group Rapid Transit (GRT) application, it might be appropriate 
to use a narrower rail gauge and for very high speeds or heavy loads it might be desirable to 
use wider steel rails with higher loading per meter of guideway. 

1 0 Choice of Pole Pitch and Magnet Size 

A side view of the suspension of Fig. 1 is shown in Fig. 2a. The magnetic field repeats 
itself with a spacing called the wavelength. The optimum value of wavelength can vary over a 
wide range according to the requirements for vehicle size, speed, weight and acceleration. For 

15 the dimensions shown in Fig. 1, a good choice is to make the wavelength equal to about 0.5 
meters (though other sizes can be used as well). This leads to propulsion coils that are approx- 
imately square in cross section and gives an acceptably small propulsion winding inductance. 
With a 0.5 meter wavelength and a vehicle speed of 45 m/s (101 mph) the linear synchronous 
motor (LSM) excitation frequency is 90 Hz. Embodiments with longer wavelengths may 

20 employ more back iron in the stator rails and for the vehicle magnets (which may increase 
guideway cost and vehicle weight). Embodiments with shorter wavelengths may have a higher 
excitation frequency (which may increase eddy current losses and problems with winding 
inductance). 

25 Figure 3 is a graph depicting the suspension and guidance force as a function of lateral 

displacement for a 1 -wavelength (0.5 meter) section of vehicle magnets and for an 80 mm rail 
width, for a system such as described above. This graph was generated for magnets with an 
energy product of 40 mega Gauss Oersted (MGO) using 3D finite element analysis with peri- 
odic boundary conditions. The normal operation is with 20 mm vertical displacement and zero 

30 horizontal displacement and then the suspension force is 2,700 N per wavelength, as shown in 
the graph. The suspension will then support 550 kg of mass per meter of length of the magnet 
pods. The 2 half-magnets on the ends of the pods will produce additional lift of 630 N total for 
magnets with the dimensions and locations shown in Fig. 2b. Four pods, each with a length of 
3 meters, will then lift 6,700 kg, the approximate mass of a normally loaded (i.e. 75% of the 

35 seats filled), small bus size vehicle. 

In the illustrated embodiment, the stator is dimensioned as discussed in the patent appli- 
cation entitled "Synchronous Machine Design and Manufacturing," filed this same day here- 
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with, which claims the benefit of priority of same-titled application 60/326,278, filed October 
1, 2001, both assigned to the assignee hereof, the teachings of which are both incorporated 
herein by reference. 

5 In order to minimize inductance and simplify the propulsion winding, the winding slots 

in the stator have vertical sides without any pole tips extension. To minimize cogging force, the 
longitudinal length of the magnets can be chosen as discussed in the incorporated-by-reference 
application. For example, with three slots per wavelength if the slot width equals the tooth 
width then the magnet length that minimizes cogging is either 0.45 or 0.77 times one half of the 
10 wavelength. For a 500 mm wavelength the optimum magnet lengths are about 112 mm or 1 86 
mm. Both of these choices will give very little cogging with the shorter magnet giving only 
70% as much suspension force (hence, the longer magnet is normally a better choice). To 
minimize cogging in view of edge effects that depend on rail width, a magnet length of 1 86 mm 
is a good choice for the dimensions above. 

15 

The slot width can be varied over a wide range but by making the slot width equal to 
the tooth width, the stator laminations can be fabricated without any scrap. In some embodi- 
ments it may be desirable to vary the relative winding slot width to achieve a desired effect; 
this may also necessitate using a different magnet length for minimum cogging. 

20 

The height (i.e. thickness) of the magnets is chosen to be about 25% more than the air 
gap or 25 mm when the gap is 20 mm. A higher magnet would give more attractive and propul- 
sive force but would entail the use of more ampere-turns in the control coil and increased 
magnet weight. A smaller value would reduce the attractive force and decrease the propulsive 
25 force. The choice of 25% appears to be near optimum for some applications. 

The control coil height needs to be greater than the magnet height in order to reduce 
resistive power loss in the winding to acceptable levels during takeoff. By placing the magnets 
on pedestals it is possible to do this. A control coil height of 40 mm is a good compromise, for 
30 some applications, between adding excessive weight and creating excessive power dissipa- 
tion. 

Magnet Type and Configuration 

35 With present technology, a good choice for magnet material is Neodymium -Iron-Boron 

(NdFeB). In selecting among grades, preferably maximum energy product and coercive force 
required for demagnetization are evaluated at the maximum possible operating temperature. 
The illustrated embodiment uses material with an energy product rating of 40 MGO and with 
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the stipulation that they do not substantially demagnetize when the flux is driven to 0 at a tem- 
perature of 50° C. NdFeB magnets with an energy product in excess of 40 MGO may also be 
used, though, with currently available materials, they tend to demagnetize more easily. In 
selecting materials for some embodiments of the invention, the objective is to ensure that when 
the control current reduces the flux to the level required to increase the gap when the gap is at 
a minimum there is sufficiently little demagnetization of any significant portion of the magnet. 
A different magnet configuration, such as a Halbach Array can be used in other embodiments, 
but this does not materially affect the design. 

End Magnets 

In systems according to the invention, the vehicle magnet array is typically only a few 
wavelengths long. The following are preferably taken into account when determining end 
magnet arrangement. 

1. The magnets preferably terminate the magnetic flux from the periodic part of the 
array so that those magnets create a stator flux that is very similar to what it would 
be if the vehicle array were very long. 

2. If the periodic array does not cause any cogging force then the end magnets should 
preferably not cause cogging. 

3. The end magnets should preferably not create excessive pitching forces on the 
array. 

In some embodiments this results in configurations in which 

1. The magnets are approximately as long as the regular magnets but with reduced 
height. Their size and placement is chosen so that half of the flux from neighboring 
magnets goes in each longitudinal direction. 

2. The length and spacing of the end magnets is selected so there is no cogging. 

3. An even number of magnets is used in the periodic array and a carefully calculated 
size and placement is used so that there is very little pitching force created by the 
end magnets. 



11 
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The relative dimensions shown in Fig. 2b were chosen according to this criterion. A 
magnet pod with four full magnets and the two end magnets is shown in Fig. 4. 

In Fig. 2b 5 the end magnets are not full height and do not have control coils. The 
5 reduced height reduces the attractive force when the magnet gap is small and this reduces the 
peak current required in the control coils. In some embodiments, a control coil is placed around 
the end magnets. A design of the end magnets could be quite different if the magnet array is 
very short or if higher suspension force is required, and such is envisioned herein. 

1 0 Suspens ion Control 

In systems according to the invention, varying the current in the coils wound around the 
suspension magnets controls the vertical suspension forces. Two objectives of the control are: 

15 1 . Convert an unstable equilibrium point into a stable equilibrium point. 

2. Adjust the magnetic gap to the value that minimizes power dissipation in the control 
coils. 

20 The control system that accomplishes these tasks is typically constructed as two sepa- 

rate feedback control loops. A fast loop, using gap and acceleration sensors, provides the stabi- 
lization and a slower loop, using current sensors, minimizes control current. 

The stabilization is used because a system of static electromagnets is inherently unsta- 
25 ble in at least one degree of freedom. The design described here is unstable in the vertical direc- 
tion but stable in all other directions. In typical operation, if the magnetic gap is designed to be 
20 mm with a nominal load, then the length of the pods will be chosen such that 20 mm is the 
equilibrium point when the suspension magnet force closely matches the load force with little 
if any current in the control coils. If the load increases, then the fast response part of the control 
30 system immediately applies a control current to counteract the increased load and then, over 
time, the zero-power control loop causes the suspension gap to decrease so that little if any 
control current is required at near equilibrium. A typical vehicle might have a load that varies 
approximately ±20 % about a nominal value. This will then imply (see Fig. 3) that the magnetic 
gap varies about ±3 mm from its nominal value with the heavier load requiring the smaller 
35 gap. 

Fig. 5 is a simplified block diagram of the control system for a typical pod according to 
the invention. The pod can have any number of control coils, here designated n, each con- 
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trolled by an H-bridge, which is, in turn, controlled by a digital signal processor (DSP). Gap 
and acceleration sensors at each end of the pod provide the sensor input needed to maintain a 
stable gap. In practice there can be more than one processor so that there is redundancy in case 
of failure of the control system. 

5 

LSMandlts Control 

The linear synchronous motor (LSM) of the illustrated embodiment is based on that 
described in the aforementioned incorporated-by-reference applications (USSN 60/326,278 

10 and its same-titled successor filed this same day herewith) or can use other designed methods 
(prior art or otherwise). Preferably, the LSM and suspension design is selected such that there 
is enough lateral force to eliminate the need for an additional magnetic structure to provide 
guidance. If the gap is small this may entail splitting a suspension rail into two or more parts, 
each of which provides guidance, e.g., in the manner of the Japanese HSST maglev system. 

1 5 The LSM can be controlled by a microprocessor driving a multiphase inverter as shown in the 
control system block diagram in Fig. 6. 

Position sensing in the illustrated embodiment is achieved as described in US Patent 
6,011,508, Accurate Position Sensing and Communications for Guideway Operated Vehicles, 

20 the teachings of which are incorporated herein by reference; other mechanisms (known in the 
art or otherwise) can be used as well. The position sensing system is integrated into the LSM 
and this controls the switching of the inverters. When the required thrust is low it is preferable 
to operate the inverter so that the current is in phase with the motor back-voltage and the sign 
of the current determines whether the motor is providing forward or reverse thrust. Operating 

25 in-phase minimizes power dissipation in the LSM winding. 

For typical applications of the illustrated system, the inductance of the LSM is quite 
large and when the thrust is large the LSM control must adjust the phase angle between motor 
back voltage and current so as to get the required thrust and speed with the least amount of 
30 power dissipation in the winding. In this case the current and back voltage will not be in phase 
and the control is more complex. This situation is not common in rotary motors because they 
usually have a small air gap and field magnets exciting all of the windings, so the per-unit 
inductance is not as large. 

3 5 Damping of Lateral Force 

The design shown in Figs. 1 , 2a and 2b creates enough lateral force to allow negotiating 
turns and resisting lateral wind force. In order to provide damping of that lateral force, pairs of 
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magnets are offset as shown in Fig. 9, which is a top view of a short magnet pod according to 
the invention with 4 full-length magnets 91 and 92 and 2 end magnets 93. 

An offset that produces only a small decrease in vertical suspension force can be used 
5 to create a substantial lateral force. For example, if the control coils increase the force of the 
coils (and magnets) offset in one direction and decrease the force of the coils (and magnets) 
offset in the opposite direction, then there can be a net lateral force with no change in vertical 
force. By using sensors to detect lateral motion of the magnets relative to the rails it is possible 
to control these currents so as to damp oscillations. The control will not attempt to provide the 
10 lateral guidance force, only to damp oscillations associated with the lateral motion reso- 
nances. 

When magnets are mounted on pods and several pods are used to support a vehicle it is 
possible to use the lateral force to damp several types of motions. For example, sway is the 
15 side-to-side motion of a vehicle and roll is the rotational movement of a vehicle about its lon- 
gitudinal axis. These two modes are coupled because any lateral force exerted by a suspension 
magnet underneath the vehicle will create both sway and roll. By controlling both vertical and 
lateral magnetic forces it is possible to damp both sway and roll. 

20 Yaw is the rotational movement of a vehicle about its vertical axis and this can be 

damped by applying lateral force to the front pods that is in the opposite direction to a lateral 
force applied to the rear pods. These lateral forces, which are applied under the vehicle, can 
produce small amounts of roll that must be damped as described above. 

25 In many cases it will also be desirable to add mechanical damping of one or more 

degrees of freedom. However, for a low speed system it may be possible to eliminate all or 
most mechanical damping and use only magnetic forces for control. 

Use of Superconducting Magnets 

30 

In one embodiment according to the invention, superconducting magnets can be used 
in addition to or instead of permanent magnets. This can be done, for example, by controlling 
the current in the superconducting coils to stabilize the gap or operating the superconducting 
coils in persistent current mode and using an external control coil as has been described for the 
35 case of a permanent magnet suspension. The latter approach has an advantage that the super- 
conducting magnets can be greatly simplified. 
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A preferred method of using superconducting magnets is to replace the permanent 
magnet structure with a structure similar to the one shown in Fig. 1 0. Here the superconducting 
coils 102a and 102b, can be constructed with high temperature superconductors, and are 
wound around laminated steel poles 103 with pole tips 104 used to distribute the flux in such a 
5 manner as to minimize cogging forces. The use of a steel core for the coils has a benefit of 
reducing the size of superconducting coils required and also reducing the size of the control 
coils. It also reduces eddy current loss in the superconductors, a loss that is compounded by the 
fact that it occurs at a low temperature. 

10 In Fig. 10, the superconducting winding can be constructed separately and inserted over 

the pole tips and control windings. 

Use of a Single Overhead Suspension Rail 

15 Further embodiments of the invention use a single overhead suspension rail that sup- 

ports the vehicle in a manner similar to the way cable cars are supported by an overhead cable. 
This suspension method has several advantages: 

There only needs to be one suspension rail and one propulsion winding so cost can 
20 be reduced. 

It is easier to design fast-acting switches. 

• Supporting beams can be smaller and less obtrusive. 

25 

For indoor use, such as within an airport, an overhead system might be a good choice. 
There can be mechanical guide wheels to resist swinging motion when the vehicle is stopped 
or moving slowly and if there is no wind the swinging motion can be contained. The overhead 
suspension might also be preferable for use within tunnels. In this case there can be magnets 
30 that produce repulsive force to contain swinging motion and the overhead suspension allows 
for a smaller diameter tunnel and a lower cost suspension and propulsion system. 

Scaling 

35 The size of the suspension system according to the invention is well suited to moving 

people but may not be optimum for moving material. For example, one might want to construct 
a smaller scale version for use in a clean room, such as in a semiconductor fabrication facility 
where contamination from a wheel-based suspension can be a problem. Another example is for 
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moving radioactive material in which case the vehicle can operate inside of a closed duct while 
the propulsion winding is located outside of the duct. The design could also be scaled up by 
using wider suspension rails to handle more force, or designed for higher speed with a larger 
gap and longer wavelength. All of these variations are possible and the design principals dis- 
5 cussed here are still applicable. 

Described above are systems and method achieving the desired objective. It will be 
appreciated that the embodiments that are illustrated and discussed herein are merely examples 
of the invention, and that other embodiments employing changes therein fall within the scope 
10 of the invention, of which we claim: 
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